Purpose: We compared the performances of a Bayesian estimation method and oscillation index singular value decomposition (oSVD) deconvolution for predicting final infarction using data previously obtained from 10 cynomolgus monkeys with permanent unilateral middle cerebral artery (MCA) occlusion.
Introduction
Dynamic susceptibility contrast (DSC) perfusionweighted imaging (PWI) is widely used to assess perfusion abnormalities in patients with acute ischemic stroke. The concept of perfusion-diffusion mismatch (PDM) is important in estimating the ischemic penumbra, 1 a target area for thrombolytic therapies. 2, 3 According to this concept, abnormality of diffusion is considered for the ischemic core and abnormality of perfusion for the largest possible area of infarct growth if recanalization does not occur. Therefore, accurate prediction of the final area of infarct by PWI in the acute phase is important.
PWI analysis has many variations. 4, 5 Semi-quantitative analysis can be performed using a signaltime curve or concentration-time curve, sometimes with gamma-curve fitting. Quantitative measurements are possible using deconvolution techniques with arterial input function (AIF). Such singular value decomposition (SVD) variants as standard SVD (sSVD), 6 block-circulant SVD (bSVD), or oscillation index SVD (oSVD) 7 are commonly used, and other techniques, including Fourier-based deconvolution, 8 wavelet thresholding, 9 and classical Tikhonov regularization, 10 have also been proposed. A new technique using Bayesian hemodynamic parameter estimation was recently introduced to analyze perfusion datasets, 11 and results of simulations on a standard digital phantom were promising. 12 This technique outperformed the oSVD method, which is considered one of the most accurate and robust methods without tracer-delay effect in terms of linearity and fewer errors on all parameters, especially at a low signal-to-noise ratio (SNR). However, the clinical performance of this Bayesian-based algorithm has not been determined.
We compared the performances of the Bayesian estimation and oSVD deconvolution methods for predicting final infarction using previously obtained data from a primate model with permanent unilateral occlusion of the middle cerebral artery (MCA).
Materials and Methods

Animal model and magnetic resonance imaging
We utilized previously obtained animal data from 10 male cynomolgus monkeys (Macaca fascicularis) with permanent unilateral MCA occlusion. 13 Their preoperative body weights were 4.72 to 5.61 kg (mean, 5.17 kg) and their ages, 46 to 56 months (mean, 50.4 months). The monkeys were anesthetized with intravenous injection of pentobarbital sodium (20 mg/kg) following intramuscular injection of ketamine hydrochloride (10 mg/kg) containing atropine sulfate (0.05 mg/kg) and then underwent intravascular embolization surgery with a 2 mm © 4 cm Guglielmi detachable coil (GDC; Boston Scientific, Natick, MA, USA) in the proximal part of the horizontal (M1) portion of the right MCA.
The animals underwent magnetic resonance (MR) imaging under anesthesia with intramuscular injection of ketamine hydrochloride (10 mg/kg) containing atropine sulfate (0.05 mg/kg) approximately 3 hours after MCA occlusion (baseline) and 47 hours after (follow-up) using a 1.5-Tesla MR scanner (Signa MR/I; GE Healthcare, Milwaukee, WI, USA). PWI data were acquired 3 hours after MCA occlusion, with axial single-shot gradient-echo echoplanar imaging (repetition time [TR]/echo time [TE]/flip angle, 800 ms/20 ms/20°). Gadoliniumdiethylenetriamine pentaacetic acid (Gd-DTPA, 0.8 mL/kg; Magnevist; Bayer Schering Pharma, Berlin, Germany) was injected followed by saline (1.5 mL/ kg) into the left saphenous vein at a flow rate of 2 mL/s using a power injector. The injection was started 15 s after initiation of dynamic imaging (frames, 30; time resolution, 2 s; total acquisition time, 60 s). 13 We measured final infarct volumes on follow-up DWI 47 hours after MCA occlusion using axial single-shot spin-echo echo-planar imaging (TR/TE, 8000 ms/60 ms; b value, 1000 s/mm 2 ) for DWI. We measured volume using a region-growing technique, the same technique used for PWI volume measurement (see below). We employed a signal intensity threshold of 1.75, which was the best value previously reported. 13 We also measured final infarct volumes in histological specimens with 2,3,5-triphenyltetrazolium chloride (TTC) stain. Each animal was deeply anesthetized with intravenous injection of pentobarbital sodium (35 mg/kg) 48 hours after MCA occlusion, and its entire brain was excised. Contiguous coronal sections were cut at 4-mm intervals using a brain matrix meant for dissection of adult monkey brains (MBM-2000C; Bio Research, Nagoya, Japan), and the sections were stained with 1% 2,3,5-TTC and transferred to 10% formalin neutral buffer solution. The TTC-stained sections, in which healthy tissue was stained red and infarcted tissue appeared white, were digitized with a scanner at a resolution of 300 dots per inch. Infarcted areas in each coronal section were manually traced using image analysis software (SimplePCI Ver. 5.2; Hamamatsu Corporation, Sewickley, PA, USA), and infarct volumes were calculated. The methods are detailed in a previous article. 13 All study procedures were approved by the institutional animal care and use committee in Shanghai Jiao Tong University School of Medicine and performed in accordance with the institutional guidelines for animal experiments and the guidelines for "Animal Research: Reporting in Vivo Experi-ments" (ARRIVE) of the National Centre for the Replacement, Refinement, and Reduction of Animals in Research.
PWI data analysis
Post-processing of the PWI data was performed using a development version (noncommercial version) of PerfScape™ (Olea Medical, La Ciotat, France) for Bayesian analyses and commercially available version 2.0 of the same software for oSVD deconvolution. The position of the AIF was manually determined in the contralateral left M2 segment.
Tissue residue function, R(t), was calculated by SVD-based deconvolution with an oscillation index of 0.095 for the oSVD method. 7 Cerebral blood flow (CBF) was defined as the peak of R(t), and mean transit time (MTT) was defined as the first moment of R(t). Cerebral blood volume (CBV), time to peak (TTP), and first moment of transit (FMT) were determined from the measured concentration-time curve (CTC). CBV was calculated from the ratio of the area under the curve between the AIF and the tissue; TTP was calculated as the time to peak of the CTC; and FMT was defined as the first moment of the CTC.
In the Bayesian method, R(t) was estimated with a statistics-based approach.
11 CBF was defined as the peak and MTT as the first moment of the R(t). CBV, TTP, and FMT were determined from the reconvoluted CTC, which was generated by reconvolution of the AIF and R(t) and not from the measured CTC.
The volumes of the areas showing perfusion abnormalities were automatically measured with the region-growing technique using free PWI analysis software (Perfusion Mismatch Analyzer [PMA] Ver. 3.0.0.0; Acute Stroke Imaging Standardization GroupJapan [ASIST-Japan]; http://asist.umin.jp/index-e. htm). After establishing a seed point within the lesion area, the volume of the perfusion abnormality was automatically measured under different thresholds of the contralateral ratio, which ranged from one to 6 with intervals of 0.02 (300 steps) in the TTP, FMT, and MTT maps and from 0 to one with intervals of 0.01 (100 steps) in the CBF and CBV maps.
Statistical analysis
For each subject, we calculated the volume ratio of the final infarct and each lesion obtained with various thresholds on PWI. Subsequently, the best threshold was determined for each map as the average volume ratio of all subjects came closest to 1.0. The Pearson's correlation coefficient and intraclass correlation (ICC) were calculated between the volume of a lesion on PWI and the final infarct volume at the best threshold.
We used Wilcoxon's signed-rank test to compare correlation coefficients and ICCs between the Bayesian and oSVD methods to assess the diagnostic accuracy of each method for estimating final infarct. We also compared the volume ratios of these 2 algorithms. Statistical analyses were performed using commercially available software (IBM SPSS, version 21) with a significance level of 0.05. Figure 1 shows examples of perfusion maps. The areas of perfusion abnormalities as well as the best threshold (Table) differed among perfusion maps and algorithms. The threshold of the Bayesian method tended to have smaller values in the TTP, FMT, and CBF compared to the oSVD method. The volume ratios of the Bayesian and oSVD methods did not differ significantly (P = 0.432).
Results
The Pearson's correlation coefficients of the Bayesian method were larger than those of the oSVD method in 4 of 5 perfusion maps when final infarct was determined by the specimen volume. Only the CBV of the oSVD method had a higher correlation than the Bayesian CBV. When the final infarct volume was defined by DWI volume, all perfusion maps had higher correlation coefficients in the Bayesian method than the oSVD method. The average and median correlation coefficients of the Bayesian method were both 0.75, and those of the oSVD method were 0.63 (average) and 0.67 (mean). We observed statistically significant differences between the Bayesian and oSVD methods when the final infarct volume was defined by DWI (P = 0.043), but not when defined by specimen volume (P = 0.104).
The ICCs of the Bayesian method were higher than or equal to those of the oSVD method in all perfusion maps with respect to the final infarct volume of both specimens and DWI. The average (0.50) and median (0.48) ICCs of the Bayesian method were higher than those of the oSVD, 0.28 and 0.32. These differences were statistically significant both for DWI volume (P = 0.043) and specimen volume (P = 0.043).
Discussion
The algorithms of dynamic susceptibility contrast perfusion-weighted imaging analysis and computed tomography (CT) perfusion have many variations. 4, 14 Although deconvolution using AIF is most commonly used because it enables quantification, achieving absolute quantification is challenging due to difficulties in obtaining the correct AIF, 15 tracer arrival delay, 16 and dispersion effect. 17 However, recently developed analytic methods can overcome these issues. Automated AIF determination, which facilitates operator-independent analysis, has been proposed for use in commercial and academic software systems. 18, 19 Circular types of SVD, such as oSVD and bSVD, have decreased calculation errors due to tracer arrival delay, a remarkable issue with the standard SVD method. 7 A previous study using a digital phantom demonstrated the greater accuracy of oSVD or bSVD than other algorithms, such as standard SVD and the non-deconvolution method.
14 Local AIF has also been reported to minimize dispersion errors compared to global AIF. However, potential errors remain in SVD-based methods. The underestimation of CBF in high flow regions and of MTT in slow flow regions has been reported with SVD, 7 which potentially affects decision making based on PWI, such as perfusiondiffusion mismatch and estimation of final infarct. To overcome these errors, we applied the Bayesianbased estimation of perfusion indices. A previous report using computer simulation reported greater accuracy of the Bayesian than oSVD method, especially for the high flow domain for CBF calculation and the slow flow domain for MTT calculation. 11 However, only a few cases were described and diagnostic performance was not tested.
Accurate estimation of tissue residue function, R(t), is the key for obtaining accurate results in the deconvolution process because CBF is calculated as a peak of R(t). However, R(t) oscillation is remarkable in SVD, even with circular types of SVD. Although the oscillation index has been proposed to minimize oscillation, 7 it is difficult to eliminate R(t) oscillation completely. In contrast, the Bayesian method has been reported to estimate R(t) more precisely than the oSVD method, even with a low SNR, permitting more accurate quantification of CBF and MTT. Especially, improved MTT was anticipated from a previous study using computer simulation. 11 The accuracy of CBV, TTP, and FMT also increases with the Bayesian algorithm because they are calculated after the estimation of R(t) and reconvolution of R(t) with the AIF. Although these 3 parameters can be calculated from the CTC directly, this reconvolution process may contribute to their accurate calculation.
This study had several limitations. First, we tested the performance of the Bayesian method for the estimation of final infarct volume using animal data with a permanent MCA occlusion model. Tests on human clinical data should be conducted as a next step for validation. Second, previous results obtained with bSVD, which is basically the same as oSVD, using the same dataset were slightly better than the oSVD results in the present study. In the previous study, the average correlation coefficient of bSVD (average of TTP, FMT, CBF, CBV, and MTT) was 0.69, and the average ICC was 0.49. 13 These values were slightly higher than those reported in the present study (0.63, correlation coefficient; 0.28, ICC). Because the core algorithm of bSVD in the previous study was the same as that of oSVD in the present study, these differences may be due to another detail of the implementation of perfusion analysis, such as denoising or the conversion of signal to tracer concentration. Therefore, optimization of these processing details might effectively improve the results of the oSVD method as well as the Bayesian method. Third, we did not evaluate time to maximum of residue function (T max ) in this study. T max has been used frequently in large clinical trials, such as the Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution (DEFUSE) 3 and the Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET), 2 and is now considered one of the most important perfusion parameters. The T max of SVD was reported to be dependent on both MTT and delay. 21 In contrast, the T max of the Bayesian method is reportedly dependent on delay and not MTT. 11 Therefore, because the meanings of the T max of the SVD and the Bayesian methods might be completely different, a strict comparison between the two would be biased.
Conclusion
Prediction of final infarct volume was better with the Bayesian method than oSVD deconvolution. Bayesian estimation of perfusion indices appears promising, and further studies are needed to validate the efficacy of this method in various clinical datasets.
